A fugacity-based thermodynamic model for hydrate has been used to determine the equilibrium pressures of hydrate formation. This fugacity-based model uses the PRSV equation of state, which is used to represent the gas phases in the hydrate. The parameters of the model are fitted to the experimental data of binary guest hydrates. The present study is aimed at investigating binary mixtures of CH 4 -H 2 S, C 3 H 8 -N 2 , N 2 -CO 2 , CH 4 -i-butane, C 3 H 8 -i-butane, CH 4 -n-butane, C 3 H 8 -n-butane, i-butane-CO 2 , and n-butane-CO 2 hydrates, which have not been modeled before. Unlike previous studies, the Kihara potential parameters were obtained using the second virial coefficient correlation and the data of viscosity for gases. The fugacity-based model provides reasonably good predictions for most of the binary guest hydrates (CH 4 -C 3 H 8 ). However it does not yield good prediction for hydrates of (CO 2 -C 3 H 8 ). The transitions of hydrate structure from sI to sII and from sII to sI have been also predicted by this model for binary guest hydrates. The AAD % calculated using the experimental data of natural gas hydrates is only 10 %, which is much lower than the AAD % calculated for the equilibrium data predicted by the VdP-w model.
Introduction
A non-stoichiometric solid crystal is formed when the guest (gas) molecules are encaged within the ice crystals of host (i. e., water) molecules. The favorable conditions of formation are generally; low temperature and high pressure. Such compounds are referred to as gas hydrates or clathrate hydrates [1] . The host cages are formed when the host molecules, bonded together by hydrogen bonds, form the skeleton of hydrate structure. The guest molecules are then 'encaged' in the formed crystal by van der Waals forces. Based on the criterion of minimum Thermodynamic stability conditions (P, T), these form a stable crystal structure of gas hydrates [2] . The size, shape and capacity of cages typically range between 5.66 and 5.75 water molecules per molecule of guest. These crystal structures are divided into three classifications, i. e., sI, sII, and sH [3] . For each type of gas hydrate structure, the most defining parameters are capacity and stability [4] . The key properties of different types of gas hydrate structures are shown in Table 1 . The empty cages of the hydrate structure act as storage space for gases with a maximum capacity of 180 m 3 of gas/m 3 of hydrate volume. There are almost 60 known gases, such as CH 4 , CO 2 , C 2 H 6 , and C 3 H 8 , as well as H 2 S, N 2 , and natural gas, which can form gas hydrates when combined with water molecules [5] . No. of cavities per unit cell Ideal unit cell formula 6(5 12 6 2 ).2 (5 12 ).46H 2 O 8(5 12 6 4 ).16 (5 12 ).136H 2 O 1(5 12 6 8 ).3(4 3 5 6 6 3 ).2 (5 12 Gas hydrates can be used for the production of natural gas from their naturally occurring reservoirs. Apart from being an untapped energy resource, potential areas of application of gas hydrates include storage of gases [6] , transportation, refrigeration, and desalination [7] , methane or hydrogen storage [8] , and separation of gases or flue gas swapping [9] . On the other hand, hydrate formation in oil and gas industries is not desirable because it obstructs the oil and gas transportation system [10] . Another advantage of gas hydrates is that they show potential of solving the global warming problem. This is due to the production of relatively low quantities of CO 2 during combustion, and hence they can be considered as an alternative fuel [11, 12] . The rich deposits of gas hydrates in the offshore and permafrost regions can potentially replace the requirement of traditional fossil fuels in the world. Typically natural gas hydrates are formed by the dispersion of natural gas in the pores/fractures of fine-grained mud, clays, and silts [13] . The thermodynamic properties of natural gas hydrates depend on the size of the pores as well as the chemical composition of host sediments. The rate of formation of hydrate can be increased or decreased by the addition of different chemicals which can act as inhibitor [14, 15] or promoter during the formation of hydrates [16] . A wide variety of methods have been introduced for the recovery of natural gas from gas hydrates, including depressurization, inhibitor injection, thermal stimulation, CO 2 sequestration [17] , and CO 2 -CH 4 exchange [18, 13] . Hence, hydrates have emerged as a major area of research all over the world. Moreover, as a pre-requisite, accurate prediction of equilibrium conditions for the formation of gas hydrates with single components and mixtures is vitally important for conducting both experimental and field-scale studies.
Over the years, a number of models have been proposed on the basis of equality of potential, equality of fugacity, Gibbs free energy minimization, and neural networking algorithms for predicting the equilibrium pressure-temperature (P-T) conditions of hydrates. These include (i) the van der-Waals-Platteeuw model [19] , (ii) the fugacity model [20] , (iii) the Chen-Guo two-step model [21] , (iv) Paricaud's model [22] , and (v) artificial neural networks (ANNs). Moreover, these models have been further extended by different researchers. A sequential description of some of these works is provided in the next section.
The earliest works date back to 1959, when van der Waals and Platteeuw proposed a model based on statistical thermodynamics. The model is based on the assumption that the hydrate cavity is a rigid body lattice which is made up of several spherical cages. The other assumption is that the partition function is estimated without considering guest-guest interactions. Secondly, quantum effects are considered as negligible. Moreover, the model considers that only a single guest can occupy a single cavity [19] . In 1973, Parrish and Prausnitz improved upon the approach of van der Waals and Platteeuw and extended the model to predict equilibrium P-T conditions for gaseous mixtures. They also predicted Kihara potential parameters along with an expression for the determination of the Langmuir constant for 15 different gases [23] . A number of studies have been conducted by employing the van der Waals-Platteeuw model for modeling hydrate formation in porous media, in the presence of thermodynamic promoters and inhibitors and in the presence of salts. Recently, Sirino et al. performed thermodynamic modeling of different gases, like CH 4 , CO 2 , and N 2 .
In the presence of inhibitors, such as salt and alcohols like methanol and ethanol, by coupling the van der Waals model with the Cubic-Plus-Association equation of state (CPA + EOS [24] ). Waseem and Alsaifi carried out equilibrium prediction using the van der Waals model and SAFT VR Mie EOS in conjunction with squarewell (SW), Lennard-Jones (LJ), and Mie potentials for 10 different gases [25] .
The fugacity model was first proposed by Klauda and Sandler in 2000. The model uses equality of fugacity as a criterion, which is calculated using the potential estimation given by Prausnitz. In their work, the constant crystal lattice assumption lattice was removed. The model was an improved version of the VdP-w model as reference parameters used previously were no longer required. However, the model was only capable of predicting equilibrium P-T conditions for pure hydrates of 9 different gases [20] . Furthermore, Klauda and Sandler improved their model in 2003. The model was extended to predict equilibrium conditions for mixed gas clathrates. The model implemented intermolecular potential parameters which were obtained from ab initio QM interaction energies [26] . Bandyopadhyay and Klauda in 2011 updated their fugacity model to exhibit the ability of their model to extrapolate results by fitting the data to only a subset of actual experimental data. The model implemented a more accurate method of considering guest-host and guest-guest interactions for determining the Langmuir constant [27] . The fugacity model has been successfully used by several researchers to predict phase behavior of hydrates. Recently, Pahlavanzadeh experimentally validated the CO 2 + THF + NaCl hydrate system [28] . Moradi and Khosravani performed thermodynamic modeling of CH 4 , C 2 H 6 , C 3 H 8 , N 2 , and CO 2 using PRSV2 EOS with their own set of Kihara parameters [29] . Chin et al. used the fugacity model to validate results of organic inhibitors and salts using a pressure-dependent Langmuir constant [30] .
Chen and Guo [21, 31] proposed their own two-step hydrate formation model, which also utilizes the fugacity concept. The parameters of the model are either associated with parameters of energy in the VdP-w model or these can be fitted empirically by fugacity functions which are based on the Antoine equation. However, the drawback of using the Antoine equation is its inability in extrapolation. It does not yield accurate vapor pressure estimation beyond the fitted experimental data [32] . Chen and Guo assumed complete occupancy of a large cavity, which is also not adopted by fitted experimental data. Recently, Mesbah et al. modeled phase behavior of CO 2 , CH 4 , and N 2 semiclathrates in the presence of TBAB using the Chen-Guo model [33] . Previously, Mesbah et al. performed thermodynamic modeling of CO 2 , CH 4 , N 2 , and H 2 S in the presence of TBAF via the Chen-Guo model [34] . Other works include that by Pandey et al., who also used the Chen-Guo model for prediction of equilibrium conditions of CO 2 , CH 4 , and N 2 in the presence of NaCl as inhibitor [35] .
Paricuad proposed a model for the determination of the dissociation conditions of salt hydrates and semiclathrate hydrates. This model was developed by applying the Gibbs energy minimization to solve the solidliquid equilibria under stoichiometric constraints. He described the thermodynamic properties of the liquid phase with SAFT-VRE EOS. He combined the VdP-w model for salt hydrates to determine the dissociation temperatures of semiclathrate hydrates of CO 2 and TBAB [22] . Kwaterski modified the Paricuad model to describe the solid-liquid equilibria encountered in aqueous solutions of the semiclathrate hydrate phase of TBAB [36] .
The neural networks were developed by McCulloch and Pitts in 1943 for the introduction of computing machines as simplified neurons. In the ANN approach, feed-forward neural networks are used with a single input layer and one output layer, along with some hidden layers in between. For the construction of the network, several experimental data points of hydrate forming gases are used. These data points are randomly divided into three subsets, namely, training set, validation set, and testing set. The input variables for the neural network are decided on the basis of the structure of the hydrate. In a typical configuration, the first input variable for this network is mole percentage of methane or ethane, which forms an sI structure. The second input variable is the total mole percentage of propane, butane, and nitrogen, which form the sII structure. The final (third) input variable is the mole percentage of non-hydrate forming gases. The compositions of hydrogen sulfide and carbon dioxide are taken as separate variable because both are water-soluble acid gases and the presence of little amounts of them can affect the behavior of hydrate formation. The last three parameters are acid gas loading, gas-specific gravity, and pressure. The output parameter is the temperature of the hydrate formation [37, 38, 39] . Recently, Rebai et al. combined the thermodynamic modeling based on the VdP-w model and deep learning using an MLP ANN technique. The ANN technique was used to approximate a pressure corrective term which was used in thermodynamics predictions. This approach reduced the overall relative error on the prediction of pressure of hydrate formation of gas mixture systems from 23 % to 3.15 % [40] . Souroush et al. applied ANNs for the prediction of the temperature of hydrate formation of natural gas. Their approach yielded accurate results with total mean square error of only 0.349 [39] . Mesbah et al. used a supervised learning algorithm, i. e., MLP ANN, for the prediction of pressure of the semiclathrate hydrate dissociation for CO 2 and its binary mixtures hydrates. The AARD % obtained for this study was 3.13 and overall R 2 was reported as 0.9961 [41] .
In this study, the fugacity model of Klauda and Sandler has been applied to model the two-phase equilibria of binary guest mixtures. For this purpose, a single EOS PRSV (for calculating the fugacities of water, CO 2 , hydrocarbons, and nitrogen in their fluid phases) is used. The equilibrium data of hydrate formation have been calculated for three phases, namely, I-H-V (T < 273.15 K) and L-H-V (T > 273.15 K).
Model assumptions 1. The crystal lattice is not considered to be rigid or independent of the guest host type. Rather, it is dependent on the occupying guest molecules. 2. The additional shells are assumed to contribute towards the interaction energies and are hence included in the determination of the cell potential.
3. The volume of water is dependent on pressure; however, since it is a weak function and does not change appreciably with changes in pressure, it is assumed to be a constant. 4. The interaction between the gas-gas (guest) and guest-host components cannot be neglected for determining the Langmuir constant.
Model development
The proposed model adopts a simplified thermodynamic approach. The model employs fugacity as a criterion for establishing the equilibrium between the hydrate phase and the water phase [43, 44, 20] . The equality of fugacity of water in the hydrate phase with that in the liquid water/ice phase is the starting point for the development of this model. In other words, at equilibrium, the fugacity of water in the hydrate phase is equal to the fugacity of water in the ice phase (I) or liquid water phase (L) along with fugacity of water in the gas phase. Mathematically, it can be written as
where w, H, π, x, β, and gas denote water, hydrate, ice or liquid water, composition, virtual empty hydrate, and guest gas component, respectively.
The fugacity of water in the hydrate phase is expressed in terms of potential differences using the following equation:
After rearrangement,
Here, fugacity of a hypothetical empty hydrate lattice is denoted by f β w (T, P), and Δμ H w (T, P) is expressed by the following relation, as proposed by VdP-w model:
Equations (4)-(6), given by Klauda and Sandler, are used for the calculation of fugacity of liquid water and ice, respectively.
The vapor pressure of water in phase and the fugacity coefficient are expressed by P sat,i w (T) and ϕ sat,i w , respectively. Because the vapor pressure of water is low, the fugacity coefficient ϕ sat,j w is taken as unity. The volume of water in equations (4)-(6) is pressure-dependent. However, since the change in volume is small, the volume of water is assumed to be constant. We have
where v m denotes the number of cages of type m per water molecule in the hydrate lattice. The parameters for the above equation are vsmall (1/23) and vlarge (3/23) for sI hydrates. For sII hydrates they are 2/17 and 
where C mj denotes the Langmuir constant. For determination of the Langmuir constant, we have considered the contribution of the successive shells in order to accurately estimate the interaction energies. Hence, the different shells, namely, I, II, and III, must be used for estimating the potential. Table 2 lists the radii and coordination number of cells for the corresponding shells. The coordination number and radii for the first shell are produced by crystallography measurements and the parameters for second and third shells are taken from John et al. [45] . A constant value of radii of the shell was used in this study to avoid a large number of parameters in this model. We have
where w(r) is known as the spherically symmetric cell potential. Each guest has a different degree of lattice distortion and this distortion is compensated elsewhere in this model. Table 2 gives the values of the cell radii and coordination numbers for the corresponding shells. The first shell radii and coordination number are calculated by crystallography measurements [46, 47] . The parameters used for the second and third shells are taken from John et al. [45] .
The following Kihara cell potential with a spherical core was implemented for the VdP-w model development (this approach has also been used for the development of the new model):
where
where the coordination number and the cell radius of the cavity or shell are denoted by z and R(cell), respectively. For the calculation of parameters a, ε, and σ, the following standard combining rules were applied:
where w and g denote water and guest in the cavity, respectively. The parameters for the Kihara cell potential used in this study are given in Table 3 . The parameters were obtained by following the approach of Tee et al. [48] using the second virial coefficient correlation and the data of viscosity for the gas phase. For methane gas these parameters can be determined directly from the second virial coefficient. Unlike previous approaches, these parameters are not calculated by fitting the hydrate equilibrium data.
The form of the cell potential used for this model is slightly different from that of the VdP-w model, and similar to the approach of John et al. [45] . The following equation was adopted for the calculation of cell potential (W(r)) for the development of the new model, which incorporates the contributions from the first, second, and third shells:
The vapor pressure of liquid water and ice in equations (4)-(6) is expressed in the following quasipolynomial form:
The constants data in equation (16) for liquid water and ice are given in Table 4 . The values of vapor pressure constants for the empty hydrate lattice are given in Table 5 .
Evaluation of parameters
There is no direct method available for the vapor pressure calculation of the empty hydrate lattice β due to its non-existence in nature. Hence, a tool employing computational quantum mechanics has been applied to decrease the number of fitted parameters. For the empty hydrate lattice, the heat of vaporization can be calculated by
Substituting equation (15) in equation (16), we obtain
Assuming that there is complete occupation of the small and large cavities, the heat of vaporization can be calculated by the following equation:
where ΔU w is defined as the internal energy of vaporization per water molecule in each type of cage. The ratio of the number of cavity type to the total number of cavities in the crystal lattice is expressed by the weights of the internal energies of vaporization.
In order to determine the internal energy, for a closed system, using the Gibbs-Duhem equation for a multiphase system, we have
From the above, the rate of change of specific entropy is given by
As a result, the equation can be simplified to
Since we are considering a closed system, the system is unvariant; therefore the change in internal energy for the system from T 1 to T 2 is estimated using
The constants in the equation are determined using
Here, for a binary mixture, the equation for internal energy is given as
Finally, we get
A detailed explanation of the terms used here and for other cases like pure components and calculation of enthalpy of vaporization can be found elsewhere [49, 50] .
The molar volumes in equation (4) and equation (5) depend on pressure, which is important for the Poynting correction. After fitting the experimental data from Perry's Handbook [51] and NIST [52] , the molar volumes of ice and liquid water phases were calculated as 
The calculation of pressure dependence of molar volume of ice is not required because ice is in equilibrium with the hydrate which is formed at relatively low pressures.
To determine the volume of hydrates, equations proposed by Klauda and Sandler [20] were used, i. e., 
The compressibility constants of equations (30) and (31) were evaluated after correlating the experimental data for methane hydrates at high pressures, but it was assumed to be applicable for all hydrates at high pressures [20] .
Henry's law constant is used to calculate the composition of guest component in the liquid phase. The solubility of hydrocarbons in water is low for most components. However, at high pressures, the solubility cannot be assumed to be negligible. Hence, for all guest compounds, the solubilities in water were evaluated by the following equation:
where Z ∞ i is an infinite dilution compressibility factor which was needed to calculate the solubility of gases in liquid water. Hence, a PRSV EOS has been developed by modifying the Peng-Robinson EOS [53] . The temperature dependence of Henry's law constant was calculated by the following equation:
The constants for the above equation are listed in Table 6 . The activity coefficient (γ w (X w , T)) of Henry's law cannot be taken as unity for gases such as CO 2 and H 2 S because of their appreciable solubility in water at high pressures. For such compounds, a slight depression in the freezing point of water has been observed. Hence, the following expression can be used for the calculation of the extent of depression in freezing point:
where T d , T nfp , and ΔH m denote the freezing point of the solute, the normal freezing point for pure water, and the heat of melting for pure ice, respectively. The activity coefficient can be calculated by the UNIFAC model. This model is advantageous for low and high pressures. To find the fitness of the constants in equations (30) and (31), the following objective function was used:
where W i denotes the volume in m 3 /mol.
Results and discussion
The equilibrium pressure has been calculated for different temperatures for different binary mixtures of hydrates. The prediction of equilibrium pressures was carried out using the PRSV-EOS model. The results were compared to those obtained from the Sloan model. The average absolute deviation percentage (AAD %) calculated for different types of binary mixtures hydrates is given in In the present study, we implemented the fugacity-based model for hydrates of other binary guest mixtures, such as CH 4 -H 2 S, C 3 H 8 -N 2 , N 2 -CO 2 , CH 4 -i-butane, C 3 H 8 -i-butane, CH 4 -n-butane, C 3 H 8 -n-butane, i-butane-CO 2 , and n-butane-CO 2 . Additionally, we verified the applicability of our model to previously modeled mixtures. The results show that our model fares well against the experimental data. For most of the binary mixtures tabulated below, the results are an improvement in comparison to those predicted with Sloan's model. The AAD values are minimized for several of the mixtures presented below. The AAD % is slightly better than that of Sloan for some binary mixture hydrates such as CH 4 -C 2 H 6 , CH 4 -C 3 H 8 , and C 2 H 6 -CO 2 , but for some binary mixtures, such as N 2 -CO 2 and CH 4 -CO 2 , the PRSV-EOS model gives poorer predictions than Sloan. Moreover, the binary mixture hydrates of CH 4 -C 2 H 6 , CH 4 -C 3 H 8 , CH 4 -N 2 , and C 2 H 6 -C 3 H 8 form hydrates of both sI and sII structures. However, binary mixture hydrates of CH 4 -CO 2 , CH 4 -H 2 S, C 2 H 6 -CO 2 , CH 4 -i-butane, and i-butane-CO 2 form only sI structure hydrates. On the other hand, binary mixtures of C 3 H 8 -CO 2 , C 3 H 8 -N 2 , C 3 H 8 -i-butane, and C 3 H 8 -n-butane hydrates form only sII structure hydrates. Additionally, a unique trend of binary mixtures of N 2 -CO 2 and CH 4 -n-butane hydrates was observed. Other hydrates show intermittent transitions from sI to sII structure. Hydrates of N 2 -CO 2 and CH 4n-butane show a much wider temperature range before transition is observed. Overall, our fugacity-based model shows appreciable agreement with experimental data of some of the binary mixtures hydrates, i. e., CH 4 -C 2 H 6 , CH 4 -C 3 H 8 , C 2 H 6 -CO 2 , C 3 H 8 -i-butane, and i-butane-CO 2 . However, in the case of C 3 H 8 -n-butane hydrates, this model provides reasonably good predictions for the L-H-V region, but does not yield good predictions for the I-H-V region.
The variation of equilibrium pressure of hydrates of binary gas mixtures (CH 4 -C 3 H 8 , N 2 -CH 4 , CO 2 -C 3 H 8 , and n-butane-C 3 H 8 ) with the mole fraction of gas at fixed temperature is shown in Fig. 1, Fig. 2, and Fig. 3 . As can clearly be seen from the plots, both the VdP-w model and the PRSV-EOS model provide good predictions of equilibrium pressure for CH 4 -C 3 H 8 hydrates at a fixed temperature of 275.15 K or 278.15 K. However, for the Fig. 4 and Fig. 5 . In the case of CH 4 -N 2 hydrates, methane and nitrogen gas can occupy small and large cavities at higher concentrations of methane and nitrogen gas, respectively. A similar behavior is observed for N 2 -CO 2 hydrates; nitrogen and CO 2 gas can occupy small and large cavities at higher concentrations of nitrogen and CO 2 , respectively.
The transition from hydrate structure sI to sII is shown in Fig. 6 for CH 4 -C 2 H 6 and N 2 -CO 2 hydrates. The transition from hydrate structure sII to sI is shown in Fig. 7 for C 2 H 6 -C 3 H 8 and n-butane-CH 4 hydrates. It is observed that sII hydrates are formed at high concentrations of nitrogen (> 0.8) and at temperatures higher than 277 K. At higher concentrations of nitrogen, N 2 is capable of occupying small cages with higher occupancy and small cages at low occupancy. On the other hand, CO 2 gas is observed to occupy small and large cages with low occupancy. For CH 4 -C 2 H 6 hydrates, the transition from sI to sII hydrates is observed at high concentrations of methane gas (> 0.5) and at temperature above 288 K. Above 56.4 % of methane gas, methane (CH 4 ) and CO 2 gas exhibit much higher affinity towards occupying large cavities in comparison to the smaller cavities. For C 2 H 6 -C 3 H 8 hydrates, it is found that sII hydrates are formed at low concentrations of ethane gas (< 0.5) at temperatures lower than 278 K. It is also observed that ethane and propane occupy only large cavities. Coming to n-butane-CH 4 hydrates, sII hydrates are formed at low concentrations of nbutane gas (0.005) and at low temperatures (256.2 K). The small and large cavities for n-butane-CH 4 hydrates are mostly occupied by methane gas, but n-butane is found to occupy only large cavities. Additionally, it was observed that although CO 2 gas is an intermediate-size gas molecule, it forms sI structures. It does not exhibit transition from sI to sII when mixed with gas molecules which form sI hydrates. For CH 4 -C 2 H 6 hydrates and C 2 H 6 -C 3 H 8 hydrates, a "phase change" has been observed in the hydrate structure from sI to sII [72, 73, 74, 75, 76] . Typically, a hydrate formed by binary guest mixtures has three components, i. e., water, ethane/propane, and methane. Hence, the number of phases can be calculated by the rule of degrees of freedom or the rule of Gibbs phase (DOF = N Component +2−N Phases ). Therefore, there is a possibility to get five phases in equilibrium at a single point, i. e., I/L w /H sI /H sII /V. Our model is capable of providing accurate predictions of phase changes in hydrates without any fitting of the data. It is also inferred from the results that ethane shows a much higher affinity towards occupying larger cavities as a host in sII in comparison to sI [77] .
The difference in size of two sI hydrate formers is observed when transition occurs. The small cages in sI and sII structures are stabilized by one molecule while the large cages are stabilized by the others. This phenomenon occurs when the lower limit of sI formation is adopted by one molecule from binary guests and the upper limit of sI formation is adopted by the other molecule [78] .
The determination of structures of hydrates can be done by determining the end-to-end distance between the molecules of the large guest. The enclathration of large guest molecules in the cavities of hydrates is highly dependent on the upper limit of the size of each hydrate cage [79] . Fig. 8(a) shows the predictions of equilibrium pressure at different temperatures for the hydrates of natural gas with CH 4 (65.4 %), C 2 H 6 (12.7 %), C 3 H 10 (10.3 %), C 4 H 10 (3.7 %), N 2 (7.7 %), and CO 2 (0.2 %). The AAD % calculated for the equilibrium data of natural gas hydrates by this model and the VdP-w model is shown in Fig. 8(b) . The value of AAD % from the current model is lower than the AAD % calculated from the VdP-w model. The current model gives good predictions of equilibrium data of hydrates of natural gas in comparison to the VdP-w model for the temperature range of 275-295 K. 
Conclusions
A fugacity-based model has been developed to predict the equilibrium pressure of hydrates of binary gas mixtures. This thermodynamic model had not been applied for some binary mixtures hydrates such as CH 4 -H 2 S, C 3 H 8 -N 2 , N 2 -CO 2 , CH 4 -i-butane, C 3 H 8 -i-butane, CH 4 -n-butane, C 3 H 8 -n-butane, i-butane-CO 2 , and n-butane-CO 2 hydrates previously. This model gives good predictions for equilibrium data in comparison to the Klauda and Sandler model for these hydrates. In comparison to previous models developed by Sloan, this model gives improved fitting against the experimental equilibrium pressures for binary mixture hydrates in the I-H-V and L-H-V regions. The parameters of the current model are obtained using quantum mechanical calculations. As a result of the elimination of reference parameters, the model yields good predictions of phase behavior of binary gas hydrates with better accuracy in comparison to the VdP-w model. The stability of gas hydrates depends on the guest molecules of gas hydrates. This model is also capable of describing the structural change behavior for binary guest hydrates. The transition behavior from sI to sII structures for CH 4 -C 2 H 6 , N 2 -CO 2 , C 2 H 6 -C 3 H 8 , and n-butane-CH 4 hydrates is also predicted by the proposed model. For CH 4 -C 2 H 6 hydrates, the transition from sI to sII hydrates is observed at high concentrations of methane gas (> 0.5) and temperatures higher than 288 K. For C 2 H 6 -C 3 H 8 hydrates, sII structures are found to occur at low concentrations of ethane gas (< 0.5) at temperatures lower than 278 K. For binary hydrates of CH 4 -n-butane and C 3 H 8 -CH 4 , it is found that small cavities are occupied by methane, whereas large cavities are occupied by n-butane and C 3 H 8 .
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